Low-grade albuminuria, determined by the urinary albumin to creatinine ratio, has been linked to systemic vascular dysfunction and is associated with cardiovascular mortality. Pulmonary arterial hypertension is related to mutations in the bone morphogenetic protein receptor type 2, pulmonary vascular dysfunction and is increasingly recognized as a systemic disease. In a total of 283 patients (two independent cohorts) diagnosed with pulmonary arterial hypertension, 18 unaffected BMPR2 mutation carriers and 68 healthy controls, spot urinary albumin to creatinine ratio and its relationship to demographic, functional, hemodynamic and outcome data were analyzed. Pulmonary arterial hypertension patients and unaffected BMPR2 mutation carriers had significantly elevated urinary albumin to creatinine ratios compared with healthy controls (P < 0.01; P ¼ 0.04). In pulmonary arterial hypertension patients, the urinary albumin to creatinine ratio was associated with older age, lower six-minute walking distance, elevated levels of C-reactive protein and hemoglobin A1c, but there was no correlation between the urinary albumin to creatinine ratio and hemodynamic variables. Pulmonary arterial hypertension patients with a urinary albumin to creatinine ratio above 10 mg/mg had significantly higher rates of poor outcome (P < 0.001). This study shows that low-grade albuminuria is prevalent in pulmonary arterial hypertension patients and is associated with poor outcome. This study shows that albuminuria in pulmonary arterial hypertension is associated with systemic inflammation and insulin resistance.
Introduction
Pulmonary arterial hypertension (PAH) is a devastating condition characterized by increased blood pressure in the pulmonary circulation caused by diseased peripheral pulmonary blood vessels. 1 Pulmonary vascular homeostasis can be disrupted due to loss of function mutations in the gene bone morphogenetic protein receptor type 2 (BMPR2) that are found in more than 75% of familial PAH and in approximately 20% of sporadic cases of idiopathic PAH. 2 PAH is increasingly recognized as a systemic illness with abnormalities in immune cells, 3 the myocardium, 4 skeletal muscle, 5 and whole body insulin/glucose balance 6 and alterations were found in extra-pulmonary circulatory systems, including brachial, cerebral, 7 sublingual, 8 and bronchial arteries. 9 Recognizing PAH as a systemic cardiovascular disease may have important diagnostic and treatment implications.
Albuminuria has long been recognized as an independent predictor of cardiovascular disease and outcome in individuals with and without cardiovascular co-morbidities. [10] [11] [12] [13] Notably, it has been shown that urinary albumin excretion is proportional to systemic transvascular albumin leakiness. 14 Therefore , it has been proposed that albuminuria reflects an underlying systemic manifestation of vascular dysfunction. 15 Albuminuria is currently defined as microalbuminuria (a ratio of albumin (mg/L) to creatinine (mg/L) between 30 and 300), or macroalbuminuria (a ratio of albumin (mg/L) to creatinine (mg/L) above 300 mg). 16 The term low-grade albuminuria accounts for the fact that there seems to be a relationship between an albumin to creatinine ratio (ACR) below 30 mg/mg of creatinine (microalbuminuria) and cardiovascular morbidity and mortality. 17, 18 While growing evidence supports the presence of systemic vascular dysfunction in PAH and a potential relationship with disease severity, non-invasive measures to assess vascular dysfunction are lacking. Similarly, non-invasive assessments of BMPR2 mutation carriers with PAH risk but without clinically manifest disease are needed and could identify subjects at enhanced PAH risk.
This study aimed to investigate albuminuria as a potential systemic manifestation of vascular dysfunction in patients with PAH. We therefore studied the prevalence and associations of albuminuria with hemodynamics, functional and biochemical variables and outcome. In addition, albuminuria was assessed in a cohort of unaffected BMPR2 mutation carriers to investigate a potential link of albuminuria and BMPR2 dysfunction.
Methods

Study population (Vanderbilt University IRB numbers 9401 and 111530;
Stanford Hospital and Clinics IRB number 14083).
All patients were referred to Vanderbilt University or Stanford Hospital and Clinics between 2008 and 2016. All patients consented to provide a fasting morning urine sample.
The diagnosis of PAH was made either by autopsy results showing plexogenic pulmonary arteriopathy in the absence of alternative causes, such as congenital heart disease, or by clinical and cardiac catheterization criteria. These criteria included a mean pulmonary arterial pressure greater than 25 mmHg with a pulmonary capillary or left atrial pressure less than 15 mmHg, and exclusion of other causes of pulmonary hypertension, in accordance with accepted international standards of diagnostic criteria. 19 The unaffected BMPR2 mutation carrier cohort consisted of 18 unaffected BMPR2 mutation carriers, each of whom was a relative of a PAH patient(s) with a known BMPR2 mutation detected using multiple screening technologies, including standard sequencing and multiplex ligationdependent probe amplification techniques as previously described. 20 BMPR2 mutation carrier status was confirmed in the laboratory for all unaffected BMPR2 mutation carriers as previously described. 21 All subjects designated as unaffected BMPR2 mutation carriers were seen by a physician within one year of sample acquisition, and without symptoms or signs of PAH.
Healthy controls were individuals over 18 years of age, recruited from the community by the Vanderbilt University subsite of the Researchmatch.org program. Individuals had no past medical history, were on no medications and were apparently healthy.
Exclusion criteria for all groups were: macroalbuminuria (ACR >300 mg/mg), a glomerular filtration rate <60 ml/min/1.73 m 2 (using the Modification of Diet in Renal Disease equation), a diagnosis of renal disease, hyponatremia (serum sodium <135), a spot urinary creatinine concentration higher than 200 mg/ml, diabetes mellitus or pre-diabetes (defined as a glycosylated hemoglobin (HbA1c) >6.5% or two random blood glucose levels >200 mg/dl or by treatment with oral anti-diabetic drugs or insulin), systemic hypertension (as defined by a systolic blood pressure greater than or equal to 140 mmHg or a diastolic blood pressure great than or equal to 90 mmHg 22 or treatment with anti-hypertensives) and obesity (as defined by a body mass index greater than or equal to 30).
Urine studies
At the time of acquisition, all urine samples were immediately cooled at 4 C for 24 hours and then centrifuged at 4 C. Urine samples were aliquoted and frozen at -80 C for later analysis. The urinary ACR was determined as the ratio between albumin and urinary creatinine in mg/mg. The albumin concentration was determined using a turbidimetric immunoassay with end point determination, and urinary creatinine was determined using a kinetic alkaline picrate assay. All urine assays were performed by the Vanderbilt University Medical Center Pathology Laboratory Services.
Hemodynamic, functional and biochemical data
Hemodynamics, functional and biochemical data were obtained by chart review.
All values used for this study were within a three-month range from the obtained urine sample used for ACR analysis.
Statistical analysis
Data are presented as absolute numbers, percentages, mean (AESD) and or median with interquartile range. In all parametric tests, preliminary analyses were performed to ensure no violation of the assumption of normality, linearity and homoscedasticity. Differences between baseline variables in PAH patients were assessed using the chi-square test for categorical variables and the Mann-Whitney U-test for continuous variables. One-way analysis of variance (ANOVA) (with Dunn's multiple comparison) was performed to assess differences between PAH, PAH subgroups, unaffected BMPR2 mutation carriers and healthy control subjects. ACR according to PAH, unaffected BMPR2 mutation carriers and control subjects were shown as scatter plots with mean AE SD. The relations between ACR and baseline variables were assessed by Spearman correlation coefficients.
Differences between baseline variables in PAH patients with a ACR below and above 10 mg/mg (the median of the first cohort) were assessed using the chi-square test for categorical variables and the Mann-Whitney U-test for continuous variables.
Months at risk were calculated from acquisition of the urine sample until study end (31 July 2016 for the first cohort and 31 October 2017 for the second cohort). The primary outcome was defined a priori as death or lung transplantation. Estimated event-free survival was calculated using Kaplan-Meier analysis for patients with a ACR above or below 10 mg/ml. Statistical differences between both groups were assessed using log rank testing. Data analysis was performed using SPSS 22 (SPSS Inc., Chicago, IL, USA). Figures were prepared using the GraphPad Prism 7 (GraphPad Prism Software Inc., San Diego, CA, USA).
Results
Baseline characteristics of both cohorts, unaffected BMPR2 mutation carriers and controls
The first cohort consisted of 132 patients (75% women) with 28% (37) heritable PAH, 40% (53) idiopathic PAH, 24% (31) PAH associated with connective tissue disease (CTD-PAH), and 6% (8) PAH associated with congenital heart disease (CHD-PAH). The mean age of the PAH patients was 57 years; median follow-up was 33 months. There were 23 events of death (n ¼ 21) or lung transplantation (n ¼ 2).
Eight patients were excluded based on an elevated ACR (macroalbuminuria). The second cohort consisted of 151 patients (80% women) with 1.3% (2) heritable PAH, 24% (37) idiopathic PAH, 43% (65) CTD-PAH and 10% (15%) CHD-PAH. The mean age of this cohort was 51 years; median follow-up was 37 months. There were 25 events of death (n ¼ 19) or lung transplantation (n ¼ 6). The pooled cohort consisted of 283 patients with PAH (78% women) with 13.7% (39) heritable PAH, 31.8% (90) idiopathic PAH, 33.9% (96) CTD-PAH and 8.1% (23) CTD-PAH. The mean age of the pooled cohort was 51 years; mean follow-up was 37 months. There were 48 events of death (n ¼ 40) or lung transplantation (n ¼ 8). Twelve patients in this cohort were excluded based on an elevated ACR (macroalbuminuria).
The unaffected BMPR2 mutation carrier group consisted of 18 unaffected carriers with a confirmed mutation in BMPR2. This group had 72% women, and a mean age of 51 years. The healthy control group contained 69 healthy individuals of mean age 49 years (61% women). No individual in the unaffected BMPR2 mutation carriers or healthy control cohort carried a diagnosis of diabetes, obesity, hypertension, hyperlipidemia or kidney disease nor was on chronic medications. There was no significant difference in age or sex between PAH cohorts, unaffected BMPR2 mutation carriers and controls (Table 1) .
ACR in PAH, unaffected BMPR2 mutation carriers and controls
Mean urinary ACR in the first and second cohort were 17.8 mg/mg (22) and 26.0 mg/mg (39), respectively. Twenty-one patients (15.9%) in the first cohort and 36 (23.8%) in the second cohort had microalbuminuria (ACR > 30 mg/mg). Mean urinary ACR in the pooled cohort was 22.2 mg/mg (33) and 57 (20.1%) had microalbuminuria. Mean urinary ACR was 10.6 mg/mg (4.8) in the unaffected BMPR2 mutation carriers and 4.3 mg/mg (3.0) in the healthy controls. There was no statistically significant difference in the urinary ACR between both PAH cohorts (P ¼ 0.743) nor between the PAH cohorts or unaffected mutation carriers (P ¼ 0.283, Fig. 1 ). Urinary ACR was statistically significantly different between both PAH cohorts and unaffected mutation carriers when compared to healthy controls (P < 0.001 and P ¼ 0.04; Fig. 1 ). There were no significant differences in urinary ACR among the different etiologies of PAH patients (P ¼ 0.190 one-way ANOVA, Supplementary Fig. 1 data not shown). In the pooled cohort, 57 PAH patients (20%) had microalbuminuria (ACR >30 mg/mg).
ACR in PAH and other variables
In the pooled cohort, there were significant positive correlations between urinary ACR and C-reactive protein (CRP) (r ¼ 0.44, P < 0.001, Fig. 2 ), age (r ¼ 0.21, P ¼ 0.001) and HbA1c (r ¼ 0.21, P < 0.001) and a negative correlation with six-minute walking distance (r ¼ -0.26, P < 0.001). In both cohorts, there was no significant association between urinary ACR, hemodynamic parameters or serum creatinine ( Table 2 ). In both cohorts, patients with an elevated urinary ACR above the median of the first cohort (>10 mg/mg) were older (P ¼ 0.008; 0.002), had higher CRP (P < 0.001, respectively) and higher HbA1c levels (P < 0.001, respectively). In both cohorts, there was no significant difference in hemodynamic parameters between patient with a urinary ACR above or below 10 mg/mg (Table 3 ).
ACR and outcome in PAH
In both cohorts, patients with an elevated urinary ACR (>10 mg/mg, the median of the first PAH cohort) had a statistically higher chance of reaching the primary endpoint of death or lung transplantation. In the first cohort, estimated survival was 53 months (49-56) in patients with a urinary ACR less than 10 mg/mg, versus 46 (41-51) months in patients with a ACR greater than 10 mg/mg (P ¼ 0.001). In the second cohort, estimated survival was 58 months (46-64) in patients with a urinary ACR less than 10 mg/mg, versus 70 months (62-79) in patients with a ACR greater than 10 mg/mg (P ¼ 0.001). Estimated survival in the pooled cohort of patients with a urinary ACR less than 10 mg/mg was 53 months (44-62), versus 68 months (60-75) in patients with a urinary ACR greater than 10 mg/mg (P < 0.001; Table 4 , Fig. 3, Supplementary Fig. 3(a and b) ).
In a subgroup analysis, excluding patients with microalbuminuria (ACR >30 mg/mg), estimated survival for patients with a urinary ACR below 10 mg/mg was 68 months (60-76), versus 55 months (45-66) (P ¼ 0.002; Supplementary Table 1 and Supplementary Fig. 3(c) ). 
Discussion
This study has four main findings: (a) In two independent cohorts of PAH patients, low-grade albuminuria, below the currently defined microalbuminuria threshold of 30 mg/mg, was associated with poor clinical outcome. (b) Traditional risk factors for albuminuria, such as systemic hypertension and diabetes were not present in this study population, suggesting other non-classic contributors to albuminuria, such as systemic inflammation and insulin resistance. (c) Lowgrade albuminuria was not associated with right heart hemodynamics, suggesting a pathophysiology beyond cardiorenal syndrome. (d) Individuals without evident PAH but with somatic mutations in the BMPR2 gene had higher urinary albumin excretion, when compared to healthy controls, suggesting a contribution of abnormal BMPR2 signaling to low-grade albuminuria. Low-grade albuminuria is an emerging biomarker for the development and progression of systemic cardiovascular diseases, 23, 24 even in patients without diabetes and hypertension, major drivers of albuminuria. 25 Similarly, we found in two independent PAH cohorts, that a urinary ACR above 10 mg/mg was associated with an increased risk of poor outcome (Table 4, Fig. 3) . These results were not driven by the small proportion of patients with microalbuminuria (20% in the pooled cohort, Supplementary Fig. 3(c) ), underscoring the notion that albumin excretion far below the current defined threshold of microalbuminuria has important clinical implications in cardiovascular diseases.
While this study was not designed to detect the precise mechanism(s) of albuminuria in PAH, several are possible. Diastolic dysfunction and venous congestion in left heart failure have been associated with altered glomerular hemodynamics and permeability and can contribute to increased albuminuria. 26, 27 However, albuminuria in left heart failure was not associated with ejection fraction, heart failure etiology or duration, symptomatic severity or neurohormonal activation, suggesting that pathophysiological mechanisms beyond the cardiorenal syndrome can contribute to albuminuria. 28, 29 In line with that, the lack of an association of albuminuria with right heart hemodynamics in both PAH cohorts suggests that elevated urinary albumin levels might reflect an important pathophysiological process that is not solely attributed to right heart failure and venous congestion. Interestingly, increased albuminuria in left heart failure was linked to elevated HbA1c. 30 We found a weak but significant correlation between urinary albumin excretion and HbA1c levels in both PAH cohort that excluded patients with diabetes or pre-diabetes. In line with that, previous studies of non-diabetes subjects without systemic hypertension demonstrated a direct correlation between the degree of insulin resistance and the degree of albuminuria. 31 Intriguingly, there is growing evidence for a link between insulin resistance and the pathogenesis of PAH. 32 Systemic inflammation has been linked to urinary albumin and is known to be present in PAH patients. 33 In fact, we found a correlation between urinary ACR and serum levels of CRP in two independent PAH cohorts. Increasing levels of CRP were associated with an increased risk of microalbuminuria in the general population and individuals with hypertension. 33, 34 Elevated CRP is an independent risk factor for poor outcome in patients with PAH, and it was suggested that CRP itself might contribute to vascular remodeling and systemic vascular dysfunction in patients with chronic thromboembolic pulmonary hypertension. 35, 36 Percentage mean estimated event-free survival (death or transplantation) according to ACR below and above 10 mg/mg. The difference between the curves was calculated using log-rank testing. Percentage estimated event-free survival (death or transplantation) according to ACR below and above 10 mg/mg. The difference between the curves was calculated using log-rank testing. CI: confidence interval. Fig. 3 . Kaplan-Meier curves of 36-month survival estimates according to the urinary albumin to creatinine ratio (ACR) below and above 10 mg/mg in all patients. Statistical analysis performed with log rank testing.
A growing body of literature supports the hypothesis that PAH patients have a systemic vascular defect. Increased levels of von Willebrand factor (vWF), as a marker of systemic endothelial cell injury, have been shown to be associated with the development of albuminuria and were also linked to disease progression in PAH. 37, 38 The finding that unaffected BMPR2 mutation carriers had elevated urinary albumin excretion compared to healthy aged-matched controls suggests a link between renal albumin handling and BMPR2 dysfunction. It is possible that low-grade albuminuria in unaffected BMPR2 mutation carriers is a marker of pre-clinical disease, and an increase in albuminuria from baseline might predict progression to PAH. Therefore, serial measurements of urinary ACR in unaffected BMPR2 mutation carriers or individuals with a family history of PAH could give important insights about the risk of disease development and more importantly might indicate the need for early initiation of treatment.
The molecular mechanism(s) by which albuminuria is mediated in PAH, and among unaffected BMPR2 mutation carriers, remains speculative and is beyond the scope of this study. However, several potential causes exist, for individuals with overt pulmonary vascular disease. The selective proteinuria (albuminuria) in the early stages of patients with type 1 diabetes is suggestive of an abnormality in the charge selectivity of the glomerular barrier and was linked to systemic loss of glycosaminoglycans and heparin sulfates (HSs). 39 Even though the role of glycosaminoglycans and HSs in ligand mediated receptor signaling remains controversial, 40, 41 there is evidence that HSs enhances BMPR2 recruitment and downstream signaling. 42 It is possible that a systemic reduction of HSs in PAH is responsible for impaired pulmonary BMPR2 signaling and low-grade albuminuria.
BMPR2 signaling was shown to have impact on multiple pathways that are important for vascular homeostasis, such as the expression of collagen 4, ephrin A1, endothelial nitric oxide, 43 caveolin-1, 44 and others. Therefore, impaired systemic BMPR2 signaling could affect the perfusion and protein handling of renal glomerulus, leading to albuminuria.
Limitations
While two fairly large independent cohorts of PAH patients are presented, this study is limited by sample size with regard to the unaffected BMPR2 mutation carrier cohort. Although screened by interview and recent medical records review, unaffected BMPR2 mutation carriers were not screened with echocardiography for the absence of PAH. While a limitation, we believe that the determination of PAH absence among the unaffected BMPR2 mutation carrier group is mitigated by the low penetrance rate of PAH ($20%) across the lifetime of unaffected BMPR2 mutation carriers, making it unlikely that an individual would have echocardiographic evidence of PAH at any one moment in time. 45 In addition, we acknowledge that prospective replication of the findings in the unaffected mutation carriers cohort presented in a subsequent study will strengthen the confidence in the findings present. Going forward, it would be valuable to study a cohort of unaffected BMPR2 mutation carriers longitudinally to assess for phenotypic conversion to PAH status regarding the level of urinary albumin.
Conclusions
Low-grade albuminuria is prevalent in patients with PAH and unaffected BMPR2 mutation carriers. We did not find direct evidence of an association of albuminuria with right heart hemodynamics, but with systemic inflammation and insulin resistance. More research is needed to understand better the mechanistic link of albuminuria in PAH. However, given the non-invasive nature of urine albumin measurement, ACR might serve as a useful screening tool for family members of patients with PAH.
